Abstract: Although vocal communication is wide-spread in animal kingdom, the use of learned (in contrast to innate) vocalization is very rare. We can find it only in few animal taxa: human, bats, whales and dolphins, elephants, parrots, hummingbirds, and songbirds. There are several parallels between human and songbird perception and production of vocal signals. Hence, many studies take interest in songbird singing for investigating the neural bases of learning and memory. Brain circuits controlling song learning and maintenance consist of two pathways -a vocal motor pathway responsible for production of learned vocalizations and anterior forebrain pathway responsible for learning and modifying the vocalizations. This review provides an overview of the song organization, its behavioural traits, and neural regulations. The recently expanding area of molecular mapping of the behaviour-driven gene expression in brain represents one of the modern approaches to the study the function of vocal and auditory areas for song learning and maintenance in birds.
Introduction
Animal communication has been in the centre of interest of biologists since Darwin's time (Darwin 1871) . The function of most animal communication systems is to convey information about internal states, so that individuals can make decisions based upon behaviour, physiology or morphology of others, through the use of signals, i.e changes in the environment caused by one individual (the signaller) which can transfer information to another individual (the receiver ; Endler 1993; McGregor & Peake 2000) .
Bird vocal communication has been traditionally divided into songs and calls. The distinction is arbitrary and there are areas of overlap between simple songs and complex calls (Nottebohm 1972; Konishi 1985; Catchpole et al. 2003) . Calls are usually brief, often monosyllabic sounds, structurally much simpler than songs. They can serve a variety of functions: signalling about food (food calls, begging calls), defence (alarm calls), maintaining social cohesion, contacting, synchronizing and coordinating flight, or resolution of aggressive and sexual conflicts. In contrast to calls, the term song is usually reserved for loud, sustained, complex vocalizations. Functions of songs are focused on reproduction and territoriality (Nottebohm 1972; Konishi 1985; Marler 2004) . Darwin (1871) attributed the evolution of bird song to sexual selection. The idea that complex male vocalization has arisen in response to female preference for mates with larger song or syllable repertoires, is widely accepted (Nottebohm 1972; Catchpole 1987; Neubauer 1999) . Nevertheless, not all evidence in this respect is conclusive (Byers & Kroodsma 2009 ).
Most calls seem to be innate. Songs are in some species innate, while in others they have to be learned (Marler 1999) . In the animal kingdom the learned vocal communication is very rare. It can be found only in some mammals (humans, bats, whales and dolphins, and elephants) and three orders of birds: parrots (Psitaciformes), hummingbirds (Apodiformes) and songbirds (Passeriformes, suborder Oscines) .
Birdsong, its structure and learning
Bird songs have well-defined acoustic structures that are characteristic for each species. The structural components of song in order of increasing complexity are: 1/ 'element' or 'note', continuous frequency structure that distinguishes it from neighboring elements; 2/ 'syllable', one or more elements that occur together and are separated from other syllable by a silent interval; 3/ 'phrase' or 'motif', a sequence of one or more syllables that occur repeatedly in song; and finally 4/ 'song', a particular combination of phrases or motifs separated from other phrase sequences by silent intervals of variable duration (Konishi 1985; Brenowitz et al. 1997) .
There is substantial variation in song form and complexity between songbird species. Song repertoire size can vary from one (e.g., zebra finch, Taeniopygia guttata Vieillot, 1817) to many hundreds (e.g., mock-380 E. Bosíková et al. Fig. 1 . Development of a birdsong. A. Timelines for song learning. In many seasonal species, such as the white-crowned sparrow, the sensory and sensorimotor phases of learning can be separated in time. Zebra finches develop rapidly, and their two phases of learning overlap extensively. 'Open ended' learners, such as canaries, can continue or recapitulate the initial learning process as adults. B. Sonograms of the song of an adult zebra finch male (the 'tutor') and of one of his sons at different stages of development. First vocalizations (at 40 days after hatching) called subsong correspond to babbling of human infants. At ∼60-80 days after hatching the young bird produces plastic song: the song that resembles the tutor song more than subsong, but can still be altered. At about day 100, the pupil produces crystallized song, which resembles closely the song of its tutor. Panel A adapted by permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience, Brainard & Doupe (2002) , copyright 2002. Panel B adapted by permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience, Bolhuis & Gahr (2006 ), copyright 2006 ingbird, Mimus polyglottos L., 1758) or even thousands (e.g., brown trasher, Toxostoma rufum L., 1758; Kroodsma & Parker 1977) . The number of different syllables per song also varies greatly (Devoogd et al. 1993; Brenowitz et al. 1997 ).
Song learning process has two main stages: sensory and sensorimotor learning phase (Fig. 1A) . Sensory learning phase is a period during which young bird listens to and memorizes a template of tutor's song, but usually does not sing during it. The sensory learn- Fig. 2 . A -The vocal pathways of the songbird brain. Black arrows show connections of the components of the posterior vocal pathway (or vocal motor pathway), white arrows show connections of the components of the anterior forebrain pathway (or pallial-basal gangliathalamic-pallial loop) and dashed lines show connections between the two pathways. B -The auditory pathway in the avian brain. For clarity, only the lateral part of the anterior vocal pathway is shown. The connection from Uva to HVC and reciprocal connections in the pallial auditory areas are not indicated. The NCM and CMM are shown for schematic purposes, as they actually lie in a sagittal plane medial to that depicted. Abbreviations: Av -avalanche; CLM -caudal lateral mesopallium; CMM -caudal medial mesopallium; CN -cochlear nucleus; CSt -caudal striatum; DM -dorsal medial nucleus; DLM -dorsal lateral nucleus of the medial thalamus; E -entopallium; Bbasorostralis; HVC -(no formal name other than HVC); LLD -lateral lemniscus, dorsal nucleus; LLI -lateral lemniscus, intermediate nucleus; LLV -lateral lemniscus, ventral nucleus; MLd -dorsal lateral nucleus of the mesencephalon; LMAN -lateral magnocellular nucleus of the anterior nidopallium; Area X -Area X of the medial striatum; MO -oval nucleus of the mesopallium; NCM -caudal medial nidopallium; NIf -nucleus interface of the nidopallium; nXIIts -nucleus XII, tracheosyringeal part; Ov -ovoidalis; Pamparaambiguus; Ram -retroambiguus; RA -robust nucleus of the arcopallium; SO -superior olive; Uva -nucleus uvaeformis. Adapted by permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience, Jarvis et al. (2005) , copyright 2005. ing phase is followed by the sensorimotor learning phase, which represents a period of vocal practicing. Juvenile bird makes attempts to sing and compares his vocal output with the stored template. A mismatch between the template and the experienced auditory feedback gives rise to an instructive signal that guides changes in song motor pathway (Brainard & Doupe 2000) . Subsong is the first very variable song at the beginning of the sensorimotor phase (Fig. 1B , ∼40 days of age in zebra finch male). Subsong is later altered and becomes a plastic song with the gradual appearance of distinct and identifiable, but still variable, vocal elements (syllables) (Fig. 1B , ∼60-80 days of age in zebra finch male). The major feature of the whole sensorimotor learning is overproduction and subsequent attrition of syllables (Marler & Peters 1982) . Juveniles add, remove, switch or skip syllables and then finally the song comes into a stable and stereotyped crystallized state (Pytte et al. 2007) . When juveniles are deprived of the opportunity to listen to any adult tutor or are deafened, they develop a deviated song which, however, still retains some characteristics of the species-typical song (Marler & Sherman 1983 , 1985 .
According to timing of song acquisition two groups of song learners can be distinguished: 'age-limited' and 'age-dependent'. 'Age-limited' or 'critical-period' learners, e.g., zebra finch or white-crowned sparrowZonotrichia leucophrys (Forster, 1772), do not learn to produce new songs as adults. This process is limited only to critical period and the males retain one crystallized song throughout the whole adult life. 'Agedependent' or 'open ended' learners continue to modify their songs also in adulthood (e.g., canary), very often depending on season (Marler 1981; Brainard & Doupe 2002) (Fig. 1A) .
Neuroanatomy of vocal control in songbirds
Songbirds (who need to learn their songs) have a song system, a chain of interconnected brain areas in the fore-, mid-, and hindbrain, that is lacking in nonsongbirds (who do not learn such vocalizations). Nonsongbirds also have some of the structures of the song system, and they can produce vocalizations in the syrinx, but they do not have the network of forebrain nuclei that songbirds have Bolhuis & Gahr 2006) .
Song system consists of two pathways controlling song production; anterior forebrain pathway (AFP), that participates in vocal learning, and posterior motor pathway necessary for motor performance of birdsong ( Fig. 2A ; white and black arrows, respectively).
Both pathways originate in the HVC (used as proper name; revised nomenclature for avian telencephalon recommended against using older term "higher vocal centre" or hyperstriatum ventrale pars caudale; Reiner et al. 2004) , song nucleus residing in nidopallium.
The motor pathway connects HVC to nucleus robustus arcopallialis (RA) to brainstem (dorsomedial nucleus of the intercollicular complex DM and nucleus nervi hypoglossi, pars tracheosyringealis nXIIts) motor neurons innervating syrinx (principal vocal organ of songbirds) and respiratory muscles. Damage of HVC as well as damage of RA lead to great impairment of singing in canaries (Serinus canaria L., 1758) . HVC is presumably responsible for accurate sequencing and RA for syllable structure (Yu & Margoliash 1996; Hahnloser et al. 2002) . DM and nXIIts are also present in non-learning birds where they control production of innate vocalizations (Wild 1997) .
The anterior forebrain pathway (or pallial-basal ganglia-thalamic-pallial loop) connects sequentially HVC, Area X of the striatum, nucleus dorsolateralis anterior thalami pars medialis (DLM), and nucleus lateralis magnocellularis nidopallii anterioris (LMAN) (Fig. 2A) . Neurons in LMAN project back to Area X and close the loop. The axon collaterals from LMAN project towards RA and connect the AFP with the motor pathway (Nixdorf-Bergweiler et al. 1995; Vates & Nottebohm 1995) . The AFP is similar to mammalian cortical-basal-ganglia-thalamic-cortical loops which are involved in motor learning, sensorimotor integration and addictive behaviours. In parrots and hummingbirds, the other two bird taxa with learned vocal communication, similar brain vocal areas have been shown Jarvis 2004 ).
It has been hypothesized that LMAN actively maintains RA microcircuitry in a state permissive for song plasticity and in a process of normal development it regulates HVC-RA synapses (Herrmann & Arnold 1991) . LMAN induces variability in the song (Kao et al. 2005; Olveczky et al. 2005 ) and lesioning of LMAN in deafened zebra finches prevents the song deterioration (Brainard & Doupe 2001) . These lesions lead to earlier development of stable song and gradual loosing of variability in young male zebra finch (Scharff & Nottebohm 1991) . While the Area X lesions during song development in male zebra finch lead to protracted song variability, similar lesions in adulthood did not lead to changes in quality of song production (Scharff & Nottebohm 1991) . On the other hand, Kobayashi et al. (2001) did find high abnormal repetition of notes (stuttering) in adult Bengalese finch after bilateral Area X lesions in adulthood. Similarly, detailed analyses including largescale song bout organization revealed transient but substantial motor deficit also in adult zebra finch males after Area X lesions (Kubíková et al. 2007 ). This indicates the role of the AFP not only in song learning, but also in the song maintenance.
Hearing and auditory feedback are critical during sensory and sensorimotor period of song learning, as well as during the song production in adulthood (Nordeen & Nordeen 1992; Vicario & Yohay 1993; Lombardino & Nottebohm 2000; Horita et al. 2008 ). The acoustic information from ear hair cells runs through midbrain nucleus mesencephali lateralis pars doraslis (MLd) to a nucleus ovoidalois (Ov) in the thalamus and finally into primary auditory area in the nidopallium -Field L2 (Fig. 2B) . Field L is divided into five subregions (L, L1, L2a, L2b and L3) and has bidirectional connections with secondary auditory areas: nidopallium caudomediale (NCM) and mesopallium caudomediale (CMM) (Fig. 2B ). These two areas play a role in memory. NCM is implicated in the long-term storage of auditory memories and it is necessary for recognition of tutor song in males (Gobes & Bolhuis 2007) . The fact that neurons in the CMM show enhanced selectivity for conspecific vocalizations and are active during song playback as well as during singing (Theunissen et al. 2004) points to the role of CMM in auditory feedback perception and processing. Moreover, neurons in CMM directly innervate nuceleus interfacialis nidopalii (NIf) and HVC, that can represent a connection between auditory areas involved in memory and areas responsible for vocal control of learned birdsong (Bauer et al. 2008) . NIf is probably responsible for the complexity of songs with its noise-like activity and branching note-to note transitions in consequence (Yamashita et al. 2008) .
Deafening or playback of masking sounds can lead to gradual deterioration of the songs of adult zebra finches (Nordeen & Nordeen 1992 ) and the rate of deterioration is dependent upon age (Lombardino & Nottebohm 2000; Brainard & Doupe 2001; Horita et al. 2008 ). The older an individual is the longer it takes to deteriorate. The instructive signal for correction seems to be generated in the anterior forebrain pathway (AFP) (Brainard & Doupe 2000) .
Singing driven gene expression
The study of activity-dependent immediate-early genes (IEG) has brought a new perspective to the identification of song-responsive brain areas ). The act of singing, but not hearing song, has been shown to induce a rapid increase in expression of the transcription factor ZENK (also known as zif-268, egr-1, NGF1-A, krox-24) in the HVC and other song nuclei (Mello et al. 1992b; Jarvis & Nottebohm 1997 ). This motor-driven gene expression is independent of auditory feedback, since it occurs also in deafened birds when they sing. Conversely, hearing song, but not the act of singing, induces ZENK expression in parts of the auditory forebrain. This shows that even though the same auditory stimulus activates sensory and motor pathways, perception and production of song are accompanied by anatomically distinct patterns of gene expression (Jarvis & Nottebohm 1997) .
ZENK was the first IEG in which singing related gene expression was described (Jarvis & Nottebohm 1997; Jarvis et al. 1998) . Other 32 such genes, however, were identified later (Kimpo & Doupe 1997; Li et al. 2000; Wada et al. 2006) . Wada et al. (2006) , who revealed most of these singing-induced genes, divided them into four groups depending on anatomical expression: 1/ those regulated in all major pallial vocal nuclei (HVC, RA, and MAN) and striatal vocal nucleus (Area X); 2/ a combination of one or two pallial and striatal vocal nuclei; 3/ pallial vocal nuclei only; and 4/ striatal vocal nucleus only. The highest percentage (94%) of all singing regulated genes was identified in the Area X.
Gene expression patterns in zebra finch male differ not only between singing and hearing, but also depending on social context (i.e., between 'directed' and 'undirected' singing). Directed song is oriented to other nearby individual. It is used very often by males to attract females before mating and it is accompanied by a courtship dance that includes cheek and nuchal feather erection and pivoting of the body while approaching (Zann 1996) . Undirected song in zebra finch male is not accompanied by dance and is produced when the male is in the presence of other males, alone, or outside a nest occupied by its mate. Directed song in zebra finches is slightly more stereotyped, sang with faster tempo, and it has more motifs and introductory notes (Cooper & Goller 2006; Kao & Brainard 2006) . Undirected singing in adults occurs in a context that is reminiscent of song learning and the main purpose of singing seems to be to practice. Thus, it may be a process of continuous action-based learning and synaptic strengthening to maintain what is already known (Jarvis & Nottebohm 1997; Jarvis et al. 1998) . Although in male zebra finches the vocalizations differ only a little between these two song behaviours, there is a great difference in brain activation patterns. ZENK activity is high in both lateral and medial parts of Area X, lateral and medial MAN as well as in HVC and RA in solo context (undirected singing), while during singing directed to females the expression of this gene is high only in the medial parts of Area X and MAN and in HVC (Jarvis et al. 1998) (Fig. 3) .
Inducible gene expression and song learning
As described above, zebra finch males learn to sing during a critical period. During the sensory learning phase thought to begin 20 days after hatching, bird must form sensory memories by listening to a tutor. By 28-35 days of age song memories necessary for the development of a normal song are present. During the sensorimotor learning phase, young bird must learn to control its syringeal and respiratory muscles to produce a replica of the tutor's song. Zebra finches begin to practice singing at 30-40 days of age and develop a stable song pattern by 65 days (Böhner 1990; Jin & Clayton 1997) .
There are localized changes in IEG expression during the sensory learning. At day 20 of age the ZENK mRNA is expressed in zebra finch male secondary auditory area NCM at a constitutively high level and it does not undergo further induction in response to song presentation. However, at day 30 the ZENK mRNA begins to shift from a constitutive to an inducible pattern of expression. These observations suggest that longterm auditory memories are stored in NCM, or that the IEG-mediated neural plasticity resulting from song playback is directed towards the projections of NCM (Jin & Clayton 1997; Stripling et al. 2001; Bailey & Wade 2003) . In the female and male context, increased expression was seen in the auditory forebrain below HVC (fields L1 and L3, caudal HV), regions known to show ZENK induction due to hearing song independent of singing (Jarvis & Nottebohm 1997 ). Bottom raw: examples of body postures males make when they sing in these three different contexts. Males can be recognized by their orange cheek patches and zebra-striped chests. Females are more uniform in their plumage. In the left photo, a male (right) and a female (left) are facing each other, and the male is singing as he hops toward her. In the centre photo, two males are perched side by side, and the left one is singing without facing the male on the right. In the right photo, the male is shown singing by himself. Reprinted from Neuron, Jarvis et al. (1998) , copyright 1998, with permission from Elsevier.
Specific changes in genes expression are also related to the sensorimotor learning phase. The proportion of ZENK mRNA producing cells in HVC and RA does not depend on vocal development. Similarly, ZENK protein labelling in HVC is present at similar levels regardless of stage of vocal development. Proportion of ZENK immunoreactive cells (cells containing ZENK protein), however, is low in RA of birds producing subsong and substantially increases in birds producing plastic song or adult song. It suggests that there is a relationship between behavioural development and posttranscriptional gene regulation (Whitney et al. 2000; Johnson & Whitney 2005) .
The expression of another IEG -FoxP2 -in the zebra finch male Area X is higher than in the surrounding striatum during sensorimotor learning but not in adults with crystallized song (Haesler et al. 2004 ). This gene plays a critical role in normal speech and language development in human. Its mutations in humans cause severe speech and language disorder called developmental verbal dyspraxia (Lai et al. 2001) . Studies in songbirds imply the role in the learning process, since its knockdown resulted in imprecise imitation of songs of the tutor during song learning in young zebra finches (Haesler et al. 2007 ).
Conclusions
Birdsong is an interesting topic attracting researchers asking a wide variety of questions over fifty years. There are several milestones in the study of song. The introduction of the sound spectrograph by Thorpe (1958) is one of them. The use of this instrument made it possible to describe and measure sounds in a degree of detail hard to achieve for other aspects of behaviour. Similarly, the study by , which first applied neurobiological techniques to the study of mechanisms underlying song and its development and created the roots of one of the prominent models of behavioural neuroscience. Fundamental discoveries made using this model, including the first report of gross sexual dimorphism in a vertebrate brain (Nottebohm & Arnold 1976) , steroid effects on brain function (Gurney & Konishi 1980) , behaviour driven gene activation in the brain (Mello et al. 1992a) or adult neurogenesis (Goldman & Nottebohm 1983) , have influenced many areas of biomedical research.
Molecular mapping of behaviour driven gene expression in brain represents one of the modern approaches to the study of mechanisms of song learning and maintenance. Activity-induced neuronal gene expression is associated with neuronal plasticity and may be part of the mechanisms involved in long-term memory formation. This molecular approach is bringing novel insights into the organization of sensory and motor control pathways for vocal communication in birds and can contribute to general understanding of the molecular mechanisms of behaviour, learning and memory.
Birdsong represents a unique model for studying interaction between genes, brain and behaviour. Genomic tools provide new way for answering these fundamental questions. Zebra finch is a model organism in neurobiology and evolutionary biology and is the second bird and the first passerine species to have its genome sequenced (http://www.ncbi.nlm.nih.gov/projects/ genome/guide/finch/). A complete draft sequence of the zebra finch genome is imminent (Stapley et al. 2008) . The Songbird Neurogenomics Initiative (SoNG) developing genomic tools and a novel collaborative strategies to probe gene expression in diverse songbird species and natural contexts emerged as a response to these trends (Replogle et al. 2008) . Combining highthroughput molecular phenotyping (microarray technology) with the behavioural, developmental, and physiological manipulations for probing how genes, environment, and development interact to shape the behaving brain is one of a recent examples of this approach (London et al. 2009 ).
Birdsong has numerous parallels with human speech. Both humans and songbirds learn their complex vocalizations early in life, exhibit a strong dependence on hearing the adults they imitate, as well as themselves as they practice. Despite birdsong and speech specifics, study of birdsong can provide insight into the neurobiology of speech development and pathology in humans (Doupe & Kuhl 1999; Kuhl 2003) .
